Introduction
Incompatibility in the human platelet antigen-1 (HPA-1) system is the most common cause of fetal/neonatal alloimmune thrombocytopenia (F/NAIT). 1,2 F/NAIT accounts for the majority of cases of severe thrombocytopenia in full-term neonates. Intravenous immunoglobulin (IVIG) is widely used as postnatal therapy, as well as antenatally in women with a previously affected pregnancy. Current protocols of antenatal IVIG therapy (6 steroids) increase the fetal platelet count to .50 3 10 9 /L in the majority of cases, although not usually to normal levels. 3 Accelerated clearance of maternal antibody-opsonized fetal platelets is believed to be the major mechanism leading to thrombocytopenia in F/NAIT, 4 and it is unclear whether maternal anti-HPA-1a antibodies have any effects on megakaryopoiesis. In adults with autoimmune thrombocytopenia (ITP), suppression of megakaryopoiesis contributes to the thrombocytopenia. This is supported by the finding of apoptotic, paraapoptotic or autophagic features in bone marrow megakaryocytes (MKs), 5, 6 the in vitro suppression of platelet production by anti-integrin aIIb or b3 autoantibodies from ITP sera, 7,8 reduced numbers of reticulated platelets, 9 longer than expected survival of antibody-coated platelets, 10, 11 and the clinical response of ITP patients to thrombopoietic agents. 12 We used an in vitro culture system to investigate the effects of sera from pregnant women with anti-HPA-1a antibodies on fetal/neonatal megakaryopoiesis. We also explored the relationship between in vitro suppression of megakaryopoiesis by maternal sera and the platelet counts of the newborn infants, following antenatal treatment with IVIG 6 prednisone.
Study design

Serum samples
Samples were obtained from pregnant women with anti-HPA-1a antibodies and prior pregnancies complicated by F/NAIT (n 5 17), or with uncomplicated pregnancies (controls, n 5 8). F/NAIT samples were collected at 21.2 6 4.4 weeks of gestation, prior to the initiation of antenatal therapy, in mothers with a previously affected fetus (n 5 16), or shortly after delivery of a first affected infant (n 5 1).
Cell cultures
CD34 1 cells were isolated from type O cord blood collected from healthy full-term neonates. HPA-1a/1a CD34 1 cells were cultured with 30 ng/mL thrombopoietin and 10% F/NAIT or control serum. 13 MK differentiation, maturation, and ploidy were analyzed by flow cytometry. Details regarding study design, methods, and statistical analysis are provided in the supplemental Methods (available on the Blood Web site).
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We investigated the effects of F/NAIT maternal sera on in vitro fetal/ neonatal megakaryopoiesis, using cord blood-derived HPA-1a/1a CD34 1 cells as a source of MKs. To quantify MK proliferation, the number of MKs (CD41 1 cells) generated with each sample after 14 days was expressed as a percentage of the mean MK number generated with control sera, set as 100% (see supplemental Methods). Compared with controls, 14 of the 17 F/NAIT sera suppressed in vitro MK generation, with the number of MKs generated ranging from 7% to 77% of controls ( Figure 1A) . Three of the F/NAIT sera induced increases in megakaryopoiesis: 2 had a moderate stimulatory effect (137% and 166% growth relative to controls; Figure 1A ), and 1 was an outlier, generating 10-fold more MKs than control sera (data not shown). This extreme outlier, obtained at 20 weeks gestation from a mother who later delivered twins with platelet counts of 73 and 77 3 10 9 /L, was excluded from further analysis.
The lower MK numbers generated in 14 of 17 F/NAIT cultures were likely the result of early MK progenitor cell death. However, the surviving MKs seemed to develop normally, as suggested by their normal CD41 and CD42b expression levels ( Figure 1B) and ploidy distributions ( Figure 1C ). The variable degrees of suppression of in vitro megakaryopoiesis might have been related to differences in antibody concentration. Antibody titers were available for 8 mothers. Statistical analysis suggested that both the MK growth rate and the platelet count at birth were inversely correlated with antibody titer, but the sample size was too small to reach firm conclusions. Gestation number was also inversely correlated with MK growth, but the correlation was mild and not statistically significant. The variability in our samples was comparable to the study of McMillan et al, in which 12 of 18 ITP plasma samples induced suppression of in vitro MK growth ranging from 26% to 90% of controls. 7 Next, we evaluated cell numbers throughout the culture to determine at what stage the differences between F/NAIT and control sera first became apparent in the cultures that induced growth suppression (n 5 14). Cell numbers at different days were expressed as percent of the mean cell number in control cultures on day 14 (100%). F/NAIT cultures exhibited significantly lower cell numbers on days 7, 11, and 14, with the mean cell count on day 14 representing 39.9 6 6.8% of controls (P , .001; Figure 1D ). Low cell numbers in F/NAIT cultures were accompanied by significant increases in dead cell percentages on days 7 and 11, by trypan blue staining (P , .05; Figure 1E ). Consistently, treatment of day 7 cells (43 6 5% CD41 1 ) with 20% F/NAIT sera (n 5 6) for 24 or 48 hours nearly doubled the percentage of apoptotic MKs compared with control sera (n 5 4, P , .05; Figure 1F ). MK proliferation, measured by Ki67 staining, was similar in F/NAIT and control cultures ( Figure 1G ). These findings suggested that the suppressive effects of F/NAIT sera on megakaryopoiesis were the result of induced cell death, rather than inhibition of proliferation. Consistently, Yougbaré et al recently reported that human anti-HPA-1a antibodies increased proapoptotic signaling on endothelial cells. 14 Antibodies against glycoprotein IIb/IIIa have also been shown to induce MK death in ITP, and in the setting of eptifibatide-induced thrombocytopenia. 5, 15 Because neonates with F/NAIT are born to parents with HPA-1 incompatibility, their genotype is invariably HPA-1a/1b. Thus, we explored the effects of F/NAIT sera on HPA-1a/1b MK progenitors. Compared with control sera (n 5 3), F/NAIT sera (n 5 4) reduced the cell number in HPA-1a/1b cultures by 35.8 6 12.1%, an effect similar to that observed on HPA-1a/1a cells (Figure 2A ). There were again no differences in CD41 and CD42b expression or ploidy between F/NAIT and control cultures (data not shown).
Finally, we analyzed the correlation between the degree of suppression of megakaryopoiesis by maternal serum and neonatal platelet count at birth, following antenatal IVIG 6 prednisone therapy. Samples obtained prior to the initiation of antenatal therapy in mothers with history of a previously affected fetus, and in whom the platelet count of the current infant at birth was known, were included in this analysis (n 5 13; 11 IVIG 1 prednisone, 2 IVIG alone). As shown in Figure 2B , we found a significant correlation between in vitro MK growth values and infants' platelet counts at birth, suggesting that suppression of megakaryopoiesis is one of the factors contributing to the thrombocytopenia (Spearman correlation 0.57, P 5 .04; Pearson correlation 0.59, P 5 .03, using log transformation to normalize distribution of growth rates). Antibodies against class I HLA antigens were present in 5 samples but did not influence MK growth (P . .40; Figure 2B ). These findings were consistent with a single prior study, in which the degree of inhibition induced by sera from 3 mothers with anti-HPA-1a antibodies on MK colony formation correlated with the severity of the fetal thrombocytopenia. 16 In conclusion, we found that most F/NAIT maternal sera suppress in vitro megakaryopoiesis, primarily by inducing cell death. Furthermore, the degree of MK growth in culture correlated with the infant's platelet count at birth, following antenatal therapy with IVIG 6 prednisone. These findings suggest that the ability of maternal antibodies to suppress MK growth is a potential predictive factor for the fetal response to maternal IVIG therapy.
